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Abstract 
Proton exchange membrane fuel cells have benefits over heat engines and batteries as an energy system for transportation, stationary power, 
and portable electronics.  Before fuel cells can replace current energy systems, their manufacturing cost to performance ratio must be improved.  
The bipolar plate is a fuel cell component that contributes significantly to fuel cell manufacturing costs and is a key driver of performance.  
Metallic bipolar plates, with characteristic flow dimensions below the standard 1 mm, were fabricated using direct machining.  Hydrogen/air 
fuel cells constructed of these plates were tested to ensure performance gains, using interdigitated flow operation and automobile-representative 
channel lengths.  Finite Element Modelling (FEM) was used to investigate the manufacture of bipolar plates using low cost sheet metal 
stamping.  Multiple bipolar plate alloys were compared based on their stampability, and die design parameters needed to stamp submillimeter 
channels were determined.  Springback analysis was performed, and the effect of springback on fuel cell stack stresses was investigated.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The continued use of fossil fuels poses two primary 
concerns: their finite nature and non-renewability combine to 
create a dwindling supply, and the pollution generated by their 
combustion can contribute negatively to atmospheric and 
human health.  Renewable and non-polluting hydrogen is an 
option to one day replace fossil fuel as our primary 
transportation energy currency.  The hydrogen/air PEMFC is 
an attractive technology to harness hydrogen energy for 
applications ranging from decentralized electricity generation, 
to transportation, and portable electronics.  PEMFCs can be: 
more portable and convenient to operate than other fuel cell 
chemistries, are more quickly "refueled" than batteries, and 
can reach higher efficiencies and emit dramatically less 
pollution than internal combustion engines.  A main barrier to 
wider PEMFC adoption is their ratio of performance to 
manufacturing cost [1]. 
The bipolar plate is a PEMFC component that is a primary 
driver both of performance and manufacturing cost.  The 
bipolar plate is typically the main structural element of a fuel 
cell stack (where many bipolar plates are compressed together 
in series), and serves as the transport pathway for the reactant 
gases and product water.  In a fuel cell stack, the bipolar plates 
typically account for 60% of the mass and 30% of the 
manufacturing cost [2].  Improvements to the design and 
manufacturing processes of bipolar plates can therefore both 
increase fuel cell performance and decrease manufacturing 
cost, encouraging wider commercialization of this attractive 
technology.   
Fuel cell performance, especially at high power operation, 
is limited by mass transport.  Maximization of fuel cell 
performance is possible by optimizing bipolar plate geometry, 
especially by the reduction of fluid flow path lengths.  
The manufacturing process typically associated with high 
quality, submillimeter feature generation is Computer 
Numeric Controlled (CNC) machining.  Although flexible and 
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capable, this process is not an economically viable option for 
mass production of bipolar plates.  Stamping is a low cost, 
high volume manufacturing process used for sheet metal 
fabrication.  By applying state of the art CNC micromachining 
techniques to the fabrication of long life stamping dies, the 
economical mass production of high performance bipolar 
plates may be realized. 
This study aims to determine optimal bipolar plate 
geometries and the stamping dies required to manufacture 
these bipolar plates.  Prototype bipolar plates were machined 
by CNC milling and tested for performance.  Stamping of 
these designs was then studied using the FEM software 
Abaqus.  Five bipolar plate alloys were evaluated based on 
stampability.  Stamping die parameters were then investigated 
for features down to 0.25 mm.  Finally, an evaluation of 
springback, and its effect on fuel cell stack stresses was 
performed.  The optimized die designs from this study will 
inform future work, where the stamping dies will be 
manufactured using CNC micromachining of long life die 
materials such as tungsten carbide.    
2. Bipolar plate fundamentals 
2.1. Bipolar plate design 
Figure 1 depicts the most basic repeating unit of a PEMFC 
stack. An anode bipolar plate (the H2 side) and a cathode 
bipolar plate (the O2 side) sandwiching a Membrane Electrode 
Assembly (MEA).  The bipolar plates consist of open gas 
flow channels (1), and lands (2) which contact the MEA.  The 
MEA consists of the proton exchange membrane (4), 
surrounded by two electrodes (5) and two porous Gas 
Diffusion Layers (GDL) (3).    
 
Fig. 1. Basic fuel cell unit (not to scale). 
The anode bipolar plate channels evenly distribute 
hydrogen to the catalyst-containing electrode layer in the 
MEA, where it is broken down to its constituent electrons and 
protons.  The electrons are conducted out of the fuel cell, to 
the external load, through the bipolar plate.  The protons 
travel through the proton exchange membrane, to the opposite 
electrode, where they combine with oxygen ions and electrons 
to form water.  To maintain low electrical resistance between 
the bipolar plate and the GDL,  these two layers must be 
compressed together.   The GDL, typically a porous carbon 
paper or cloth, electrically connects the electrode and bipolar 
plate, while allowing fluid flow under the otherwise blocked 
lands.   
To obtain the required voltage, current, or power, these 
repeating units of bipolar plates and MEAs are stacked 
together in series.  A molded graphite bipolar plate and 
matching MEA are shown in Fig. 2 along with a fuel cell 
stack of similar components.  
 To replenish fuel consumed at the electrode, gas must 
flow from the channels, through the GDL.  One method of 
increasing reactant flux to the electrode is reducing bipolar 
plate feature sizes.  By decreasing channel and land widths, 
the characteristic diffusion lengths are shortened, increasing 
mass transport, and leading to higher performance.  In 
machined graphite bipolar plates, a 79% increase in maximum 
current output was observed by decreasing channel and land 
widths from 1 mm to 0.25 mm [3].      
In interdigitated bipolar plates, the pressure in adjacent 
channels is separately controlled, generating pressure driven 
convective flow under the lands.  Testing [4] and 
modeling [5] of machined, interdigitated bipolar plates, with 
1 mm wide channels, showed higher maximum power than 
for diffusion dominated parallel patterns, such as those used 
in [3].   
 
 
Fig. 2. Graphite bipolar plate and MEA. 
The US Department of Energy (DOE) has set a 2015 target 
of $3/kw for the manufacturing cost of bipolar plates, with a 
2 Hz production rate [6].  These targets exclude direct 
machining as a viable manufacturing option.  Stamping of 
thin metal sheets has been shown to be an effective 
manufacturing process for bipolar plates with channel sizes 
down to approximately 0.7 mm, using metal foils down to 
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0.05 mm in thickness [7].  Austenitic stainless steel is often 
the material of choice for bipolar plates, owing to its high 
strength and stampability, but less expensive alloys have been 
proven effective as well [8].  Indeed, since even stainless 
steels require a coating that simultaneously has high electrical 
conductivity and low corrosion potential (the fuel cell 
environment is acidic, warm, and wet), many options exist for 
bipolar plate alloys [9]. 
Long life stamping dies are required to maintain low 
bipolar plate manufacturing costs, with wear mitigation 
becoming increasingly urgent as the bipolar feature size 
decreases.  H13 tool steel stamping dies experience significant 
die surface roughness evolution while stamping uncoated 
316L stainless steel bipolar plates [10].   
Advances in diamond based tooling and machine tool 
design have made possible the precision micromachining of 
extremely hard materials, such as tungsten carbide, with 
nanometer level surface roughness [11].  With the high 
hardness and low roughness of tungsten carbide stamping 
dies, the die replacement frequency, and therefore the 
manufacturing cost of bipolar plates may be dramatically 
improved. 
  FEM has proven to be an effective tool in analyzing the 
bipolar plate stamping process, eliminating the need for costly 
iterative die design experiments  [12]. 
2.2. Springback and fuel cell stack stresses 
In sheet metal stamping, the sheet is plastically deformed 
by rigid dies to permanently change its shape.  After the die 
pressures have been removed, stamped parts tend to 
elastically relax back toward their original configuration.  
Springback can therefore give rise to finished parts that differ 
greatly from the expected geometry, possibly requiring die 
design changes [13]. 
Springback is strongly controlled by die geometry, such as 
the die radii and die clearances, as well as the stiffness and 
strain hardening behavior of the material being stamped [14]. 
Determining the springback of the stamped bipolar plates 
is crucial, as this can affect the compression stresses of the 
GDL in the assembled fuel cell stack.  Fuel cell stacks are 
held in compression to ensure good electrical contact between 
GDL and bipolar plates, and to prevent gas leakage.  
Excessive GDL compressive stresses, caused by springback, 
can affect fuel cell performance by decreasing the GDL 
porosity, choking gas flow [15]. 
3. Fundamental study on the die design for thin foil 
bipolar plates 
3.1. Testing of machined bipolar plate prototypes 
Two sets of bipolar plates were machined from 6061-T6 
aluminum (with 0.25 mm and 1 mm features respectively) 
using carbide tooling and a Sodick HS430L CNC milling 
machine.  The manifold region of these two bipolar plates 
(showing separate high and low pressure channels for 
interdigitated operation) are shown in Fig. 3. 
 
 
Fig. 3. 1 mm and 0.25 mm featured bipolar plates. 
After machining, these bipolar plates were coated with a 
Ni/Rh coating to improve corrosion and electrical 
conductivity, then assembled into PEMFCs for performance 
testing. 
The testing was conducted on an Arbin Instruments FCTS 
using 99.95% pure hydrogen and medical grade air. The MEA 
was comprised of SGL10 BC based GDL, bonded to a 
0.4 mg/cm2 platinum loading catalyst layer.  The membrane 
was Nafion 112.  Fig. 4 shows that the 0.25 mm bipolar plate 
produces more power than the 1 mm.  
 
 
Fig. 4. 1 mm and 0.25 mm power curves. 
The prototype testing indicates that submillimeter bipolar 
plate features are viable, from a performance standpoint.  To 
investigate if submillimeter bipolar plates are manufacturable 
within the DOE guidelines, FEM was used to study the 
stamping process for 1 mm, 0.5 mm, and 0.25 mm bipolar 
plate features.    
3.2. Bipolar plate material model 
Five common bipolar plate alloys were selected for 
stampability evaluation: 316L stainless steel [16], Crofer 
22APU (a high chromium ferritic stainless steel) [17], 5086-O 
aluminum [18], 1100-O aluminum [19], and Commercially 
Pure (CP) titanium [18].  The engineering stress strain curves 
for the five materials can be seen in Fig. 5.  These curves 
represent annealed material at room temperature.  This data 
was used to model the elastic-plastic behavior of each alloy in 
Abaqus.  
Using this data, the strain hardening exponent (n) for each 
material was calculated, using the technique described in [20].  
These values are listed in Table 1, along with each alloy's 
in-plane anisotropy, or  Lankford coefficient (R). 
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Fig. 5. Stress strain behavior of evaluated alloys. 
Table 1. Lankford coefficients and strain hardening exponents. 
Material R n 
316L 1.03 0.55 
22APU 1.07 0.29 
CP Ti 2.85 0.31 
5086 0.67 0.41 
1100 0.7 0.27 
3.3. Strain based damage model 
The typical mechanism of failure in sheet metal stamping 
is localized necking through the sheet thickness.  Rather than 
the difficult to produce forming limit diagrams typically used 
to predict stampability, localized necking can be predicted 
using widely available uniaxial tensile data  [21].   
Equation 1 [22] shows the equivalent strain at the onset of 
localized necking (ߝ௅ேሻ, based on the n and R values for each 
material from Table 1. 
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A stamping simulation is only considered successful 
(damage free) if none of the bipolar plate mesh elements 
exceeded this critical strain.  The maximum stamped channel 
depth prior to the onset of localized necking was used as a 
measure of stampability.   
3.4. Alloy selection screening and die design 
The FEM tests were conducted on 0.05 mm thick foils, 
using a die that generated seven, 1 mm wide channel and 
lands (Fig. 6).   
 
Fig. 6. Detail of stamping die. 
A three factor, three level Box-Behnken experimental 
design was implemented to determine the effects of die 
clearance, die radius, and die/sheet coefficient of friction on 
the stampability of each alloy.  The values of the tested 
parameters are listed in Table 2 and described in Fig. 7. 
Table 2. Die design parameters. 
Parameter Low Medium High 
Die Clearance, mm 0.187 0.276 0.368 
Die Radius, mm 0.05 0.075 0.1 
Coefficient of Friction 0.1 0.3 0.5 
         
Fig. 7. Die parameters.                           
A two dimensional planar Abaqus dynamic explicit 
simulation  was used to test each combination of alloy and die 
design.  The bipolar plate meshes consisted of 5,000 CPE4R 
elements, using enhanced hourglass controls.  A mass scaling 
factor of 100 was used to speed the computation times.   
3.5. Channel size effects 
The initial die design simulations were all for 1 mm 
channels and lands.  To stamp submillimeter features, it was 
necessary to determine how the findings from the 1 mm 
testing scaled to smaller features.  The stamping response of  
a single 0.25 mm is different than a 1.0 mm, also, a larger 
number of 0.25 mm channels will fit on a bipolar plate of a 
given width than would 1.0 mm channels.  These two effects 
were separately investigated.        
More accurate simulations were conducted to study the 
channel size effects.  These models used a finer mesh (20,000 
elements) and no mass scaling.  All size effect simulations 
used a die radius of 0.1 mm and a coefficient of friction of 
0.1, thereby focusing on the dominating die clearance.  The 
bipolar plate material used in the channel size study was 
316L.   
To determine the isolated effect of channel width on 
stampability, seven-channel bipolar plates with widths of 
1 mm, 0.5 mm, and 0.25 mm were evaluated.  Since die 
clearance was the controlling factor in the 1 mm screening 
tests, the channel size simulations used a die clearance scaled 
to the 1 mm value.  Therefore, the 1 mm, 0.5 mm, and 
0.25 mm bipolar plates had die clearances of 0.368 mm, 
0.184 mm, and 0.092 mm respectively.    
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To determine the isolated effect of the total number of 
channels, 1 mm features were stamped in bipolar plates 
having 1, 3, 5, and 7 channels.  
To investigate if the 0.25 mm prototype bipolar plate was 
manufacturable, a die design capable of stamping a bipolar 
plate with 0.25 mm by 0.25 mm channels and 0.25 mm lands 
was determined.  Starting from the scaled 0.091 mm value, 
die clearance was increased until a 0.25 mm deep, damage 
free channel could be stamped.  
3.6. Springback and fuel cell stack compression 
To determine the effect of springback, each alloy was 
formed into a seven-channel, 1 mm bipolar plate with 
consistent channel depth of 0.21 mm (the max channel depth 
for the least stampable alloy, CP Ti).   
The "sprung" meshes were then imported into a separate 
dynamic explicit model where each bipolar plate was 
compressed between rigid platens (Fig. 8), until they were 
returned to a flat configuration.   
 
 
Fig. 8. Bipolar plate compression model. 
4. Results and discussion 
4.1. Alloy selection screening and die design 
The marginal means plot for the alloy selection and die 
design simulation is seen in Fig. 9.  Each value on the x-axis 
is read left to right: low, medium, and high (see Table 2). 
 
 
Fig. 9.Alloy selection marginal means. 
Fig. 9 shows that 316L is the most stampable alloy.  Over 
the range of tested parameters, the die clearance is the 
dominant parameter affecting channel depth, followed by die 
radius.  The coefficient of friction had a slight and 
inconsistent effect on the maximum damage free channel 
depth.  
4.2. Channel size effects 
Table 3 shows the maximum damage free channel depth 
for the three tested feature widths.  A normalized value is also 
listed (channel depth/width).  
Table 3. Effect of channel width on stampability. 
Channel width, mm Depth, mm Depth/width 
1.0 0.516 0.516 
0.5 0.325 0.65 
0.25 0.208 0.832 
 
Table 3 shows that the normalized stampability goes up for 
smaller feature sizes, when die clearance is linearly scaled.  
This result indicates that the prototype 0.25 mm bipolar plates 
could be stampable, with sufficient die clearance.    
Table 4 shows the maximum damage free channel depth 
for 1 mm bipolar plates of 1, 3, 5, and 7 channels.  
Table 4. Effect of the total number of channels on stampability. 
# of channels Depth, mm 
1 0.663 
3 0.588 
5 0.514 
7 0.592 
 
A consistent decrease in stampability is noted from 1 to 5 
channels, but the 7 channel case does not follow the trend (it 
is however, less stampable than the 1 channel case).  This 
result indicated that the scaled 0.091 mm die clearance for 
0.25 mm channels would likely need to be increased to stamp 
a bipolar plate of the prototype design.  
The die clearance required to achieve a damage free 
channel depth of 0.25 mm was 0.175 mm (almost double the 
0.091 mm linearly scaled value).  Fig. 10 shows a section of 
the 0.25 mm feature bipolar plate.   
 
 
Fig. 10. Detail of 0.25mm bipolar plate. 
The large required die clearance, along with the large 
relative die radii, generated a bipolar plate resembling a 
rectangular aspect ratio sine wave, which is quite different 
than the square wave shape of the prototype plates.  
Triangular channels have been shown to improve liquid water 
transport, and the rounded lands may improve gas flow to the 
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electrodes [23], but these more pointed lands might also lead 
to increased GDL compressive stress.  
4.3. Springback and fuel cell stack compression 
The peak displacement (the maximum distance moved) for 
each alloy is reported in Table 5, along with the peak platen 
contact pressure.  These values were measured at the specified 
platen separation, which yielded the largest contact area 
between the platen and bipolar plate.   
Table 5. Springback comparison. 
Material Platen 
separation, μm 
Peak 
displacement, 
μm  
Peak contact 
pressure, MPa 
316L 228 27 11.5 
5086 246 26 10.1 
22APU 265 11 13.8 
1100 244 25 2.1 
CP Ti 241 40 5.4 
 
The worst case peak displacement is still less than the foil 
thickness, so springback should not pose a difficulty in fuel 
cell stack assembly.  Although springback displacement is 
easier to determine than contact pressure, the difference in 
alloy ranking between displacement and contact pressure 
indicates that displacement is insufficient to determine the full 
effect of springback on fuel cell stack stresses.  The difference 
in platen separation indicates that each alloy, even with the 
same die design, creates bipolar plates of variable overall 
thickness.   
5. Conclusions 
PEMFC power output was shown to be higher for bipolar 
plates with 0.25 mm features than for 1 mm. 
Due to its high stampability, 316L stainless steel is the 
most suitable bipolar plate alloy of those tested.  Over the 
range of tested die design parameters, die clearance had the 
largest effect on stampability, die radius had a moderate 
effect, and the coefficient of friction had an inconsistent 
effect.   
 The required die clearance does not scale linearly with 
feature width.  Generally, decreased stamapability with 
increasing channel number is expected.  
316L requires moderate contact pressure to return its 
sprung configuration back to flatness.  For low stiffness GDL, 
designing stamping dies to mitigate springback may be 
required with this alloy, though easier to flatten alloys can be 
selected if this is the driving engineering concern. 
Using a sufficiently large die clearance, a 24-channel 
bipolar plate with 0.25 mm features can be formed at room 
temperature, from 0.05 mm thick 316L stainless steel. 
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